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Abstract
The aim of this work is to study the significance of negative ions in the plasma produced by
ablation of a simple oxide ceramic target (Al2O3) at distances and fluences typically used in
pulsed-laser deposition processes. The results show that negative ions are indeed produced, the
majority of which (>82%) being O− that are predominantly produced by neutralization of O+
followed by electron attachment. They represent one third of the O+ population at low fluences
for a distance of 4 cm from the target at which most deposition experiments are performed.
AlO− represents up to 15% of the negative ions and their amount increases at the expense of
O− as fluence is increased. The most abundant as well as the fastest species in the plasma is by
far Al+ that represent >80% of ions having kinetic energy <100 eV at low fluences. This
result is consistent with earlier discussion on the possible existence of direct photoionization
processes due to the high (6.4 eV) photon energy. Saturation effects, the formation mechanism
for AlO− and Al2+, and expansion dynamics for negative ions are finally discussed.
1. Introduction
Pulsed-laser deposition (PLD) is nowadays acknowledged as
an excellent technique for the production of nanostructures
and complex oxides. The nucleation and growth processes
as well as the final properties of the films depend very
much on the nature and kinetic energies (KEs) of the species
arriving to the substrate. In PLD, ions are generally the
more energetic species and are responsible for high mobility,
sputtering and implantation effects at substrate level. However,
only positive ions are usually referred to as ions despite the
fact that it is well known that negative ion bombardment
is responsible for re-sputtering and damage at the substrate
in magnetron sputtering processes [1–3], enhancing the
formation of metastable structures [4], or producing etching
rates similar to positive ions [5, 6]. It has been shown that
negative ions produced upon RF magnetron sputtering of MgO
have KEs ranging up to values higher than 500 eV [7]. In
spite of the several similarities between sputtering and PLD
processes, the existence of negative ions in the ablation process
has been scarcely reported and thus their influence in film
growth is practically unknown.
The existence and importance of negative ions in the
ablation process was reported in the 1990s and practically
ignored since then. Early studies on ablation of YBaCuO
targets reported the thermal emission of O− (1 eV) [8] and
a comparable flux of positive and negative ions [9], the energy
distribution of the latter overlapping with the high-energy part
of the former. Negatively charged oxide species were detected
upon ablation of AlN containing oxygen impurities and it was
concluded that a bias was needed to obtain stoichiometric films
in order to accelerate positive ions and reject the negative oxide
ions [10]. Similarly, it was found that negatively charged
species were oxygen rich upon ablation of lead titanate and
lead and titanium oxide and the high-mass species are thus
good oxygen carriers [11].
More recently, an improvement of film quality has been
reported when ablating La0.6Ca0.4MnO3 in the presence of
N2O gas that coincides with the largest amount of negatively
charged oxygen species [12, 13]. However, these works show
on the one hand that the amount of negatively charged species
is less important and almost non-relevant in O2 and vacuum,
respectively. On the other hand, their fluence dependence,
origin or expansion is not discussed. Interestingly, in spite of
the high electron affinities of halogens [14], studies of ablation
of alkali halides at power densities below the threshold for
optical breakdown and plume formation show no evidence
for negative halogen ions [15]. In addition, it is shown that
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positive and negative alkali ions show a high degree of spatial
and temporal overlap similarly to what was reported earlier for
YBaCuO [9].
The aim of this work is to study the significance of negative
ions in the PLD process of oxides and if they are associated
with a gas background as suggested earlier [12, 13]. Important
aspects included in this work are the relevance of negative
ions with respect to positive ions and neutrals, if their KEs are
comparable to positive ions, their formation mechanism and
how they expand and eventually reach the substrate. For this
study, we have selected an oxide ceramic target (Al2O3), i.e. a
simple binary oxide formed by a low-mass metal as opposed
to earlier studies that involved complex oxides [8, 9, 12, 13].
On the one hand, transparent and high refractive index films
and waveguides could be obtained by PLD of ceramic Al2O3
in vacuum [16, 17] and thus, any possible contribution of gas
species in producing negative ions [12, 13] can be ruled out.
On the other hand, it has been reported that positive aluminium
ions dominate the plasma produced by ablation of Al2O3 at
193 nm and have KEs up to 1 keV [18]. They were found
responsible for important sputtering effects at substrate level
during the production of a-Al2O3 films nanostructured with
metal nanoparticles that lead to a self-regulation of the growth
process [19]. Moreover, several negative oxide species with
significant KEs have recently been identified in the production
of Al2O3 films by dc pulsed-magnetron discharge [20].
2. Experimental
Experiments have been performed in a vacuum chamber with a
residual pressure of 10−7 mbar. We have used an ArF excimer
laser (λ = 193 nm, τ = 20 ns) operated at 5 Hz and focused
at 45◦ on a cylindrical ceramic Al2O3 target. A rectangular
aperture was used to image the beam at the target to a spot
size of ≈0.63 mm2 as opposed to the earlier work studying
the positive ions upon ablation of ceramic Al2O3 in which
the beam was focused [18]. It is worth pointing out that
direct comparison of absolute fluences used in this work and
those reported earlier is not straightforward due to the different
energy profiles at the target and furthermore, the fact that the
ionic content of the plasma is expected to be higher under the
present conditions [21]. The laser fluence was varied in this
work in the range 0.4–2.4 J cm−2.
The species produced by ablation were analysed by a
quadrupole mass spectrometer (EQP Hiden) with a mass
ranging from 1 to 500 amu and triggered by the signal from a
photodiode detecting the laser light. The KE of the species was
measured using an electrostatic energy analyser located along
the direction perpendicular to the target with a KE range up to
100 eV. The collection yield depends on the acquisition gating
conditions that are optimum for ion detection using a delay
time of 20 µs and an acquisition time of 400 µs. The species
go first into an ionizer stage through a nozzle and the whole
spectrometer system can be displaced in the axial direction.
For this work, we have selected a nozzle with diameter of
0.6 mm and 4 cm, 6 cm and 8 cm as the distanceZ between the
target surface and the nozzle. For the charged species analysis,
the ionizer is switched off and the species become deflected
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Figure 1. KE distributions at Z = 4 cm of relevant (a) negative ions,
(b) positive ions and (c) neutrals upon ablation with a fluence of
2.0 J cm−2.
according to their mass to charge ratio and thus the detection
efficiency for positive and negative charged ions is the same.
For the neutral species analysis, the ionizer is switched on and
the amount of ionized species that are finally collected by the
detector is thus affected by their ionization cross section. A
field was applied to the EQP extractor to reject all incoming
charged species. A quantitative comparison between the
amount of charged and neutral species and among different
neutral species is therefore not straightforward. Further details
of the experimental set-up can be found elsewhere [12].
3. Results and discussion
Figure 1 shows the KE distributions (N(KE)) of relevant (a)
negative ions, (b) positive ions and (c) neutrals for a fluence of
2.0 J cm−2. It is seen that a number of species are relevant for
KE < 60 eV, while only Al+, O+, and to a lesser extent Al, are
relevant in the whole studied energy range (up to 100 eV). For
KE < 60 eV and in order of decreasing intensity, the relevant
species are (i) O− and AlO− for negative ions, with minor
traces of AlO−2 ; (ii) O+, Al+, and to a lesser extent Al2+, for
positive ions; (iii) Al and O for neutral species, with minor
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Figure 2. Relative amount of (a) ionic species, (b) oxygen/oxide
species and (c) aluminium species at Z = 4 cm as a function of
fluence for ( ) O−, (•) O, (unionsq) O+, (♦) Al, () Al+, (◦) Al2+ and ()
AlO−. The normalization factors are (a) the total amount of ions and
(b),(c) the value at the highest fluence studied in each case. Dashed
lines are the guidelines.
traces of AlO and AlO2. Overall, the most abundant ions are
Al+ and O+ (figure 1(b)) and irrespective of the fluence, the
former has an almost constant N(KE) in the studied range and
the N(KE) of the latter decreases for KE > 65 eV. The most
abundant negative ion is O− and its amount with respect to
the total negative ion content decreases as fluence increases
(93–82%). Instead, both AlO− and AlO−2 increase as fluence
increases, the former in the range 6–15% while the latter
remains below 1.5%. Some species show a dominant two
(AlO− and Al2+) or more (O+, O−, Al) peak structures that
behave differently as a function of fluence. Whereas the two
peaks increase smoothly with fluence for the case of Al2+, the
dominant highest energy one appears for fluences higher than
0.7–1.0 J cm−2 for the cases of AlO− and Al.
The amount of certain species is calculated by integrating
its KE distribution (as those plotted in figure 1) for each fluence.
Figure 2(a) shows the amount of several ions to the total
amount of ions ratio measured in this work. It is seen that Al+,
O+ and O− represent ≈92% of ions and all tend to saturate for
fluences >1.2 J cm−2 for which the proportion of Al+ : O+ : O−
is 48 : 32 : 12, while for low fluences Al+ represent >80% of
the ions. However, the Al+ amount (with KE < 100 eV)
is <26% of the total amount of Al+ as calculated from the
extrapolation to zero of the data reported in figure 4(a) of [18]
for the N(KE) of Al+ produced at 2.5 J cm−2 [18]. Furthermore,
the N(KE) distribution in figure 1(b) for O+ has a complex
structure and in spite of the noise, the following parts could
clearly be identified for increasing KEs: a broad band at low
KEs, a narrow band in the range 40–54 eV and a broad band
with the maximum around 65 eV followed by a long decay.
The proportion of O+ in this latter band is at the most 54%
of the total amount of O+ detected and it becomes <30% for
the highest fluence studied, i.e. the proportion of energetic O+
ions within the studied interval decreases as fluence increases.
These results are consistent with the earlier conclusion that
the ionic component of the plasma produced by ablation of
Al2O3 at 193 nm is dominated by Al+ and discussed in terms
of direct photoionization processes due to the energy of the
laser (6.4 eV) being higher than the ionization potential of Al
(5.98 eV) [18].
Negative ions can be formed from neutrals in several
physical processes such as radiation capture, electronic
recombination, dissociative attachment and ternary collisions.
However, only the last one was found relevant for the case
of laser ablation because the first two processes have low
probability and the dissociative attachment was not likely
because the molecular neutrals have very low KE compared
with ions [9] and the same happens in our case since their
KE are <10 eV, as seen in figure 1(c). The most likely
mechanism suggested elsewhere [9] is then ternary collisions
(O+e− +e− → O− +e− or O+O+e− → O− +O. Although in
our case there is an overlapping at around 5 eV of the N(KE) of
O− and that of O, that of the latter decreases sharply for higher
KEs and other processes have to be thus considered to explain
the broad band observed in the N(KE) of O−. An overlap
between the N(KE) of negative ions and of the corresponding
positive ions has been reported earlier, especially on the highest
KE side [9, 15]. Our results show apparently an opposite
behaviour since most O− (>90%) have KE < 34 eV whereas
O+ KEs expand over the whole studied range irrespective of
the fluence. The similarity between the major broad band of
O− and the broad band at low KE range of the corresponding
positive O+ suggests that neutralization of positive ions via
radiative capture or collisional recombination with electrons
followed by the attachment of electrons to the neutral [9, 15]
is the most likely process in our case. If we take into account
that this broad band develops from the narrow band peaking
at 5 eV, production of O− from O+ becomes the predominant
process.
The N(KE) of AlO− (figure 1(a)) has two clear
populations: a slow one centred at ≈3 eV and a faster one
centred at ≈12 eV, the latter becoming important for fluences
>0.7 J cm−2. There is an overlapping between the slow
population and the AlO population thus suggesting the former
has been generated by the attachment of electrons to the
neutral diatomic species. In contrast, the position of the faster
component matches very well with the intense peak observed at
3
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low KE of Al (figure 1(c)) thus suggesting that the overlapping
between the populations of Al and oxygen species promotes
formation of AlO through multiple body recombinations.
Figure 2 also shows the evolution of the relative amount
of (b) oxygen- and (c) aluminium-related species as a function
of fluence obtained by normalizing their amount by the value
achieved for the highest studied fluence. The results show that
the relative amount of oxygen and oxide species increase with
fluence from a threshold value <0.4 J cm−2 and saturates for
fluences higher than ≈1.2 J cm−2. Instead, the Al species show
an almost constant value with the exception of Al2+ that shows
a distinct behaviour: it increases almost linearly from a higher
threshold (>1 J cm−2) and there is no indication of saturation.
Figures 1(b) and 2(c) show the presence of fast Al+, even at low
fluences. It is known from previous work that these ions are
the fastest ions in the plasma produced by ablation of Al2O3
with laser photons of 193 nm [18]. Moreover, the N(KE) of
Al figure 1(c) shows in addition to the low KE part discussed
above, an increasing band for KE > 70 eV that appears for
fluences 0.7 J cm−2 and evidencing the existence of neutrals
with KE > 100 eV. These high KEs suggest that these species
must also be linked to the fast Al+ and thus, they both travel at
the front and because the ionization potential of Al is smaller
than the photon energy, these species absorb efficiently the
laser energy. Therefore, the slower species such as negative
ions become shielded and increasing fluence has no significant
effect on them. Similarly, if it is assumed that Al2+ is produced
by ionization of Al+, Al2+ is not shielded and thus its amount
must increase with fluence as shown in figure 2(c). These
results are consistent with those reported elsewhere for ablation
of Al targets at lower photon energies (355 and 532 nm).
For these photon energies, single photon photoionization
is not feasible and photoionization can only occur through
multiphoton processes at higher fluences consistently with
the reported higher threshold for both saturation effects and
detecting Al2+ [22].
Figure 3(a) shows the amount of O− to O+ ratio as a
function of the axial distance, Z, for the two low fluences
for which the KE distribution of O+ shows no significant
amount of ions with KE around 100 eV and thus quantification
is reliable. It is clearly seen that this ratio decreases as the
distance increases and O− are ≈1/3 of O+ at low fluences
for the shortest studied distance Z = 4 cm that is a distance
typically used to grow films by PLD. This proportion thus
represents the highest proportion of O− under our experimental
conditions since there are O+ with KE > 100 eV for high
fluences (figure 1(b)) while KEs of O− remain always below
≈60 eV. The constant value of this proportion supports further
the link between these two populations discussed above.
Figure 3(b) shows the relative amount of the two relevant
negative species, namely O− and AlO−, as a function of Z
where both are seen to decrease significantly as the distance
is increased. Assuming an adiabatic expansion of the plasma
and that the expansion dynamics is non-thermal as a result of
the interaction of the laser beam with the ablated species, the
amount of material arriving to a distance r to the substrate
is αr−p, where p is the expansion coefficient (p = 1.85
for a spot size of 1 mm) [23]. The theoretical line in
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Figure 3. Several magnitudes as a function of Z: (a) O− to O+ ratio
for ( ) 0.4 J cm−2 and (unionsq) 0.7 J cm−2; (b) relative amount of ( ) O−,
() AlO− (all energies), () AlO− (band centred at ≈3 eV) and (full
line) adiabatic model for a fluence of 2.0 J cm−2. Dashed lines are
the guidelines.
figure 3(b) has been obtained assuming this dependence and
it fits very well to the experimental data for O− but differs
significantly for the case of AlO−. Figure 1(a) shows that
the KE distribution of AlO− for this fluence is formed by
two populations centred, respectively, at ≈12 eV and ≈3 eV
and these populations have a different behaviour with fluence
and distance. While the latter population appears for all
fluences and decreases smoothly as the distance increases, the
former becomes negligible for Z > 4 cm irrespective of the
fluence. The relative amount, taking only the slow population
into account, is also shown in figure 3(b), which shows that
it also expands adiabatically. This result is consistent with
the different origin of the two populations of AlO− discussed
above.
4. Conclusions
Negative ions are indeed produced by laser ablation of Al2O3,
the majority of which (>82%) are O−. They represent one
third of the O+ population for a distance of 4 cm from the
target (at low fluences) and are predominantly produced by
neutralization of O+ followed by electron attachment. AlO−
represents up to 15% of the negative ions and their amount
increases at the expense of O− as the fluence is increased.
While the slow AlO− species are produced by attachment of
electrons to the neutral species, the fast ones appear to be
linked to slow neutral Al. The most abundant as well as the
fastest species in the plasma is by far Al+ that is consistent
with the discussion earlier reported on the possible existence
4
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of direct photoionization processes due to the high (6.4 eV)
photon energy. The saturation effect that appears in all oxygen
species as the fluence is increased is most likely related to
the shielding of these slower species by the faster Al+ and Al
ones. Instead, the lack of saturation in Al2+ is consistent with
their formation at the front of the plasma through collisions of
Al+. Negative species produced by ternary collisions from the
corresponding neutral or ionized species follow an adiabatic
expansion.
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